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PROCESS FOR PRODUCING RIGID RETICULATED ARTICLES 



STATEMENT OF RELATED APPLICATIONS 


This application is a continuation-in-part of U.S. Serial No. 08/942,557, filed on 



related to U.S. Serial No. 08/944,006, filed on October 1, 1997, which is also incorporated 
by reference in its entirety. 


!• Field Of The Invention 

The present invention relates in general to a process for producing bone substitute 
materials, and particularly to porous materials capable of supporting or encouraging bone 


ingrowth into its pores, ^he present invention also relates to a process for preparing a rigid 
reticulated article, such as a bone substitute material. 1 


Bone substitute materials are described in copending applications Serial Nos. 
08/942,557, and 08/944, OO^'^A variety of materials have been proposed for use as bone 
substitute materials, ranging from shaped porous metal objects suitable for defect filling 
around knee and hip joint replacements on the one hand to shaped ceramic materials on the 
other. Ceramic materials by and large have been formed through a sintering process in 
which a powder of a ceramic material such as zirconia is compressed to a desired shape in a 
mold and is then heated to sintering temperatures. The porosity of the resulting material is 
commonly quite low. Materials employing calcium phosphates (for example: fluorapatite, 
hydroxy apatite, and tricalcium phosphate) can also be sintered in this manner, the calcium 


phosphate having the capacity for acting as a substrate for bone growth _(osteoconductivity) . 


BACKGROUND OF THE INVENTION 



2. 


Description of Related Art 



# # 


It has been suggested to mix ceramic powders such as zirconia and hydroxy apatite, 
and fluorapatite and spinel, and then compress the mixture in a mold and either sinter or 
hot isostatically press to produce a somewhat porous ceramic of zirconia having pores at 
least partially filled with hydroxy apatite. Reference is made to Tamari et al., U.S. patent 
5 4,957,509, and also Aksaci, D. et al., Porous Fluorapatite /spinel Osteoceramic for Bone 
Bridges, Ceramic Transactions, Vol. 48 p. 283 (1995). It has also been suggested to use 
ceramic articles having both high porosity and low porosity portions, and reference is made 
here to Hakamatsuka et al., U.S. patent 5,152,791, Johansson, U. S. patent 5,464,440 and 
Borom, U. S. patent 4,237,559. See also Klawitter et al. U.S. patent 4,000,525. The 
10 latter reference refers to the use of an AI2O3 slip that is foamed into a sponge, followed by 
firing. 

and large, metal or ceramic materials that have been proposed for bone 
substitutes^ve been of low porosity. The art contains examples of substantially dense 
1^ metals and ceramics with a semi-porous surface which is filled or coated with a calcium 

15 phosphate based material. The resulting structure has a dense metal or ceramic core and a 


I R 


surface which is a composite of the core material and a calcium phosphate, or a surface 
which is essentially a calcmm phosphate. The bone substitute materials of this type 
commonly are heavy and drase, and often are significantly stiffer in structure than bone. 
Reference here is made to U.S/^atents 5,306,673 (Hermansson et al.), 4,599,085 (Riess et 
W20 J al.), 4,626,392 (Kondo et al.), andy,967,509 (Tamari et al.). 


'^^^^ / Iq addition to bone substitute materials described above, there are other applications 

^s-^. . . 



in which tnis;^hemical, thermal, or other properties of a ceramic, metal, or other material 
can best be used in a porous form. One form of rigid porous materials with utility is the 
reticulated foam. A. foam material is one with a large degree of volumetric porosity. This 
25 porosity is ideally fiillysppen and fiilly interconnected. A common method of manufacture 
of these types of materialsSs to coat the surfaces of a polymeric foam with a slip of ceramic 
or metal, and then burn out tlib>foam and other organics. The ceramic or metal coating is 
then sintered to leave a rigid foanWith a structure largely similar to the starting polymeric 
foam. There are numerous examples erf cellular, rigid foams in the known art and 
30 processes for producing these materials, ^^ee, for example, U.S. Patent Nos, 4,000,525 
and 5,061,660. However, the known art forWoducing foam rigid foam materials suffers 
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from occludeo^^enings and thus is not able to achieve a substantially fully open and 
interconnected pomsky. 

SUMMARY OF THE INVENTION 

One object of the invention is to overcome the disadvantages of the known art 
5 described above. Another object of the invention is to provide a process for producing 
rigid, reticulated material, such as a bone substitute material, which is substantially open 
and intercoimected, preferably fiiUy open and interconnected, and can have smaller pore 
sizes than is possible with the known art. Yet another object of the invention is to provide 
a rigid, reticulated article. 
10 In order to achieve the foregoing and further objects, there has been provided 

□ according to one aspect of the invention, a process for producing a rigid reticulated article, 

^ which includes the steps of: 

(a) providing a first dispersion of a ceramic or metal powder, a binder, and a 
H solvent; 

15 (b) providing a reticulated substrate which has open, interconnected porosityy^ ^/^^T, 

(c) contacting the reticulated substrate with the first dispersion to coat the 
'^^ substrate with the dispersion to form a first coating; 

(d) drying the coated reticulated substrate; 

(e) contacting the reticulated substrate with one or more additional dispersions to 
20 form one or more additional coatings wherein the composition of the one or more additional 

coatings are the same or different from each other and the first coating; 

(f) drying the additional coating between the steps of contacting; 

(g) heating the coated reticulated substrate at a time and temperature sufficient to 
pyrolyze any organic components; and 

25 (h) sintering to form a ceramic or metal or composite reticulated article. 

In a preferred embodiment, a successive dispersion has a lower viscosity than a 
preceding dispersion, and preferably, each dispersion has a lower viscosity than the 
preceding dispersion. In still another preferred embodiment, the substrate is a compliant 
polymeric foam. 

30 In yet another preferred embodiment, the rigid reticulated article is a bone substitute 

material, and the first coating includes zirconia, the final coating includes hydroxyapatite 
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calcium phosphate ceramic, and one or more intermediate coatings includes a combination 
of zirconia and hydroxy apatite calcium phosphate ceramic. 

According to another aspect of the invention, there has been provided a process for 
producing a rigid reticulated article, which includes the steps of : 
5 (a) providing a first dispersion of a metal or ceramic powder, a binder which 

becomes solvent-insoluble and flexible upon drying, and a solvent; 

(b) providing a reticulated substrate which has open, interconnected porosity; 

(c) contacting the reticulated substrate with the first dispersion to coat the 
substrate with the dispersion; 

10 (d) drying the coated reticulated substrate; 

Jl^jL^ (e) xoptionally contacting the reticulated substrate with one or more additional 

^ V^ispersion to fora^one or more additional coatings wherein the one or more additional 
coatings are the sani^or different from each other and the first coating; 
1^ (f) drying the additional coating between the steps of contacting; 

I: J 15 (g) heating the coated reticulated substrate at a time and temperature sufficient to 
«p pyrolyze any organic components; and 

(h) sintering to form a ceramic or metal or composite reticulated article. 
In a preferred embodiment, the binder is a polyacrylate emulsion which polymerizes 
l'^ Upon drying. 

In 

-p 20 According to yet another aspect of the invention, there has been provided a method 

■'"^ of forming a ceramic article useful as a bone substitute and having an outer surface defining 

a shape having a bulk volume and having open, interconnecting openings extending 
throughout the volume and opening through the surface. The method includes providing an 
organic open-pore structure, coating the surfaces of pores of the structure with a ceramic 
25 slip, pyrolyzing the organic structure to leave a ceramic structure having struts defining a 
plurality of interconnecting interstices, and providing within the interstices a porous 
osteoconductive composition exposed to the interconnecting openings. 

According to still another aspect of the invention, there has been provided a method 
of forming a ceramic article useful as a bone substitute and having an outer surface defining 
30 a shape having a bulk volume and having open, interconnecting openings extending 

throughout the volume and opening through the surface. The method includes providing an 
organic open-pore structure, coating the surfaces of pores of the structure with a ceramic 
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slip comprising a strong, supportive ceramic material and a separate osteoconductive 
material, pyrolyzing the organic structure to leave a ceramic structure having struts 
defining a plurality of interconnecting interstices, and sintering the ceramic structure, said 
osteoconductive material being exposed to said interconnecting openings. 

According to yet another aspect of the invention, there has been provided a rigid, 
reticulated article, which includes a first sintered ceramic or metal or composite material 
having an outer surface defining a shape having a bulk volume, interconnecting openings 
extending throughout said volume and opening through said surface, and struts bounding 
said interconnecting openings, wherein said material has at least 20 openings per inch. 

Further objects, features and advantages of the present invention, will become 
readily apparent from detailed consideration of the preferred embodiments which follow. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a schematic drawing of a ceramic based article of the invention 
illustrating the continuous open nature of the support structure; 

Figure 2 is a schematic drawing of a ceramic based article of the invention 
illustrating an osteoconductive material foamed within the interstices of the supportive 
framework support; and 

Figure 3 is a drawing of an embodiment of the invention in which the struts are a 
composite containing both support and osteoconductive materials. 


DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS 

pOne ^ aspect of the invention provides a process which can result in a strong, open- 
celled article that is useful as a bone substitute material and that is highly porous so as to 
accommodate bone ingrowth, is of low density, and which includes a material that fosters 
bone ingrowth. 

In one embodiment, the process provides an open-celled article or reticulum having 
an outer surface defining a bulk volume and having interconnecting openings extending 
throughout the volume and opening through the outer surface. The article comprises a 
continuous strong supportive framework, preferably ceramic, having struts defining a 
plurality of interconnecting interstices throughout the bulk volume, and a porous 
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osteoconductive composition carried by said supporting framework and exposed to the 
interconnected openings. The porous osteoconductive composition occupies at least a 
portion of the same bulk volume as the framework component. Desirably, the process 
produces articles having void volumes that are in the range of 20% to 90% and preferably 
at least 50% . Further, the mean size of the openings of the supportive framework 
component desirably are at least 50 |am and preferably are in the range of 200 [im to 600 
lam.J 

In a preferred embodunent, the|process of the invention provides^/ supportive 
framework and the osteoconductive composition which are each continuous three 
dimensional structures that exhibit 3-3 connectivity and occupy at least a portion and 
preferably the entirety of the same bulk volume, each continuous structure having 
interconnected openings that interconnect with the openings of the other. The 
osteoconductive composition may be carried within the openings of the supportive 
framework preferably as a continuous phase on the surface of the struts, and pores of the 
osteoconductive composition communicate with but may or may not be coextensive with the 
interstices of the supportive framework. 

yet another embodiment, the process provides struts which are comprised of a 
mixture or o^mposite which contains the supportive material as well as osteoconductive 
material, the sutoort material providing strength to the article and the osteoconductive 
material being carr^d at least partially on the surface of the interstices so as to be exposed 
to the interconnected o^nings to provide an osteoconductive environment favoring bone 
growth. 

In one aspect of the invention, it is preferred to begin with the formation of a hard, 
strong, open framework having interstices in the size range of about 50 }im to about 1000 
|Lim and preferably from about 200 |am to about 600 |am and having void volumes of at least 
about 30%, preferably at least about 50% and most preferably at least about 70%. The 
material of the framework may comprise any strong, hard, biologically-compatible material 
such as ceramic materials, metals and composites such as zirconia/hydroxyapatite or 
zirconia toughened alumina. Preferably, the framework component is of a ceramic 
material, zirconia and alumina being preferred. 

In one preferred method, a slip of ceramic material is made by combining a ceramic 
powder such as zirconia with an organic binder and water to form a dispersion. The strut 
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surfaces of an organic reticulated foam such as one of the various commercially available 
foams made of polyurethane, polyester, poly ether, or the like are wetted and coated with 
the ceramic slip. The reticulated material may be immersed in the slip, and then removed 
and drained to remove excess slip. If desired, further excess slip can be removed by any of 
5 a variety of methods including passing the material between a pair of closely spaced rollers 
or by impacting the material with a jet of air. V arying th esli p concentration , viscosit y, and, 
surfa ce tension provides control o ver the amount of slip that is retai ned on the foam strut. 
surfaces. Wetting agents and viscosity control agents also may be used for this purpose. A 
wide variety of reticulated, open cell materials can be employed, including natural and 
10 synthetic sponge materials and woven and non- woven materials, it being necessary in this 
embodiment only that the open cell material enables ceramic slip material to penetrate 
substantially fiiUy through the openings in the structure. 
y3 Once the reticular struts are coated with slip, the slip solvent is removed by drying, 

accompanied desirably by mild heating, and the structure is then raised to sintering 
J'f 15 temperatures at which the ceramic particles at least partially sinter to one another to form a 
rigid, light framework structure that mimics the configuration of the reticular struts. 

mas 

^ Before reaching sintering temperatures, the slip-treated sponge desirably is held at a 

[2 temperature at which the organic material pyrolyzes or burns away, leaving behind an 

incompletely sintered ceramic framework structure which then is raised to the appropriate 
^2 20 sintering temperature. 

Pyrolyzing or oxidizing temperatures for most organics are in the range of about 
200 °C to about 600^ C. Sintering temperatures for most ceramics of relevance to this 
invention are in the range of about 1100°C to about 1600°C, and preferred sintering 
temperatures for metals are in the range of about 800 to about 1400°C. Zirconia and 
25 alumina or composites based on zirconia and alumina are the preferred ceramic materials 
for the structural elements. Examples of ceramic materials for the osteoconductive portion 
include calcium phosphates (e.g., hydroxy apatite, fluorapatite, and tricalcium phosphate 
and mixtures thereoO, bioactive glasses, osteoconductive cements, and compositions 
containing calcium sulfate or calcium carbonate. 
30 Metals which can be used to form the hard, strong, continuous framework 

component include titanium, stainless steels, cobalt/chrome alloys, tantalum, titanium- 
nickel alloys such as Nitinol and other superelastic metal alloys. Reference is made to Itin, 
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et al., "Mechanical Properties and Shape Memory of Porous Nitinol," Materials 
Characterization [32] pp. 179-187 (1994); Bobyn, et al., "Bone Ingrowth Kinetics and 
Interface Mechanics of a Porous Tantalum Implant Material," Transactions of the 43rd 
Annual Meeting, Orthopaedic Research Society, p. 758, February 9-13, 1997 San 
Francisco, CA; and to Pederson, et al., "Finite Element Characterization of a Porous 
Tantalum Material for Treatment of Avascular Necrosis," Transactions of the 43rd Annual 
Meeting, Orthopaedic Research Society, p. 598 February 9-13, 1997. San Francisco, CA, 
the teachings of all of which are incorporated by reference. 

Metals can be formed into a hard, strong, continuous supportive frameworks by a 
variety of manufacturing procedures including combustion synthesis, plating onto a "foam" 
substrate, chemical vapor deposition (see U.S. patent 5,282,861), lost mold techniques (see 
U.S. patent 3,616,841), foaming molten metal (see U.S. patents 5,281,251, 3,816,952 and 
3,790,365) and replication of reticulated polymeric foams with a slurry of metal powder as 
described for ceramic powders. 

The osteoconductive and osteoinductive materials that are appropriate for use in the 
present invention are biologically acceptable and include such osteoconductive materials as 
collagen and the various forms of calcium phosphates including hydroxy apatite; tricalcium 
phosphate; and fluorapatite, and such osteoinductive substances as: bone morphogenetic 
proteins (e.g., rhBMP-2); demineralized bone matrix; transforming growth factors (e.g., 
TGF-p); osteoblast cells, and various other organic species known to induce bone 
formation. Osteoinductive materials such as BMP may be applied to articles of the 
invention, for example, by immersing the article in an aqueous solution of this material in a 
dilute suspension of type I collagen. Osteoinductive materials such as TGF-p may be 
applied to an article of the invention from a saline solution containing an effective 
concentration of TGF-p. 

Tfiis^xontinuous supporting framework having interconnecting interstices or openings 
may be consiofered to be the primary load bearing element, and the osteoconductive 
material commonlyi^much weaker than the supporting framework. The supporting 
framework is preferablySqrmed, as mentioned above, of a ceramic material such as 
zirconia. The framework structure is formed such that the interstices or openings 
themselves, on average, are widerlJmn are the thicknesses of the struts which separate 
neighboring interstices. The load beanhg framework is essentially completely continuous 
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andv^lf interconnected in three dimensions, and the void portion is also essentially 
completely continuous and self interconnected in three dimensions. These two three 
dimensionattv interconnected parts are intercolated with one another. This can be referred 
to as a 3-3 connb^ctivity structure where the first number refers to the number of dimensions 
5 in which the load baring framework is connected, and the second number refers to the 
number of dimensions nvwhich the void portion is connected. The concept of connectivity 
is explained at greater lengfli in Newnham et al. "Connectivity and Piezoelectric- 
Pyroelectric Composites," Ma^ials Research Bulletin, Vol. 13 pp. 525-536 (1978), the 
teachings of which are incorporateb^herein by reference. With the supporting framework 
10 described herein, the framework itselfis given a 3 as it is connected in 3 dimensions, and 
the void portion is treated likewise. In co^rast, partially sintered assemblages of powders 
invariably contain isolated pores or voids whibh are not connected to all other voids. A 
material with all isolated (that is, dead end) poresSm a dense matrix would have 3-0 
connectivity. A material having pores that pass con^etely through the matrix in one 
15 dimension would yield 3-1 connectivity, and a material having pores that interconnect two 
perpendicular faces but not the third would have 3-2 connec^yity. 

le opening sizes in the supportive framework preferably are at least about 50 |am 
and preferahW are on the order of 200 to about 600 |j.m. It is preferred that there be 
substantially no^res or voids less than 50 |am. It should be understood that the openings 
y3 20 in the supportive framework are of myriad irregular shapes. The interconnected openings 
or interstices through whk^h biological ingrowth processes can take place define in three 
dimensions a labyrinth in which bone ingrowth and vascularization can occur; that is, the 
openings have many junctures vdth other openings to thus define tortuous pathways through 
the framework. In general, it is beloved that in order to adequately support the growth of 
25 bone into the framework openings, thevopenings must be capable of accommodating the 

passage of tissue having transverse dimen^ns of at least about 50 |j,m. Conceptually, it is 
convenient to think of a 50 |i,m opening in ma^rials of the invention as being capable of 
accommodating the passage through it of a "wormT having a round cross section and a 
transverse diameter of 50 jam. Put another way, a 5u^j^m opening should enable passage 
30 through it of a sphere having a 50 |am diameter. Althou^i there is no completely 

satisfactory way known to us for measuring the opening sizesvit is possible to examine a 
scanning electron micrograph of a cross section of an article of me invention and viewing it 
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as a planar projesrion of the structure, drawing several lines across the micrograph, 
measuring the openin^that intersected by the lines, and using averaging and standard 
deviation techniques to pCTHut the size of the openings to be assessed. 

An important feature of articles of the invention is that the interstices of the article 
remain at least partially open even with the presence of the osteoconductive and/or 
osteoinductive material. "Open", in this sense, means that the interstices are not plugged 
and that a fluid may pass entirely through the article from one side to the other. 

^irconia and other ceramics, when used to form the supportive framework, are 
exceedingW hard and are far more rigid than is bone. Although it would be desirable to 
employ as thessupportive framework a material having a modulus of elasticity nearer to that 
of bone, bone sub^itute materials of the invention employing rigid materials having quite 
open interstices worK^ell. It is believed that the ultimate union of bone with such porous 
articles during the healine process occurs over a large surface area and depth as the 
encroaching bone penetrates^deeply into the interstices of the article. The substantial 
bone/ceramic interface that resm<s enables forces to be readily transmitted to and from the 
ceramic framework with significant^ less stress concentration in comparison to structure 
resulting from a bone/ceramic union thkt occurs within a small area of surface-to-surface 
contact and with little or no penetration oftione into the article. 

When the osteoconductive material utilized is a ceramic, e.g., a calcium phosphate 
such as hydroxy apatite, for example, and the supportive framework is a ceramic such as 
zirconia, several methods according to this aspect of the invention may be employed in the 
manufacture of the article of the invention. The supportive zirconia framework structure 
can be fabricated as indicated above, by coating a slip of zirconia on the surface of the 
struts of a reticulated organic material such as a foam of polyurethane, polyester, poly ether 
or the like, and subsequently raising the temperature of the coated foam to drive off slip 
solvent, to pyrolyze or burn off the organic foam material, and finally to heat the ceramic 
to cause the ceramic particles to at least partially sinter. 

Once the ceramic framework has cooled, its struts may be coated with a slip 
containing a calcium phosphate (e.g., hydroxy apatite), the latter material forming a coating 
upon the framework material with excess slip draining from the framework structure. As 
pure calcium phosphate does n ot bond we ll to jMore^zircpnia, it may^bejdesirablejto groj/ide_ 
intervening layers which contain a fraction of both materials. The resulting material may 
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again be heated to drive off the slip solvent and, if desired, to sinter the hydroxy apatite 
material to cause particles thereof to at least partially fuse to one another. In this 
configuration the resulting interstices of the supportive framework are open from one 
surface to the other, and the interstices of the second osteoconductive material are 
5 continuous, interconnect with one another, and interconnect with (and are coextensive with) 
the interstices of the supportive framework component. 

In forming the article according to this aspect of the invention, it may be desirable 
to heat the zirconia framework component to a temperature at which the slip solvent has 
substantially all been driven off and partial sintering has begun, this condition being 
10 referred to as a partially sintered stage. At this point, a hydroxyap^ite slip or composite 
zirconia and hydroxyapatite slip may be applied, the slip solvent driven off with heat, and 
the zirconia and hydroxyapatite are raised to a sintering temperature and sintered together. 
v!3 In a modification of this embodiment described above, the slip of hydroxyapatite 

1^ may have added to it viscosity control agents and a foaming agent such as hydrogen 

J^^ 15 peroxide, or compressed gas. Upon introduction into the supportive zirconia framework 

structure of the hydroxyapatite slip, heating causes the slip to bubble and foam such that a 
^ number of smaller pores are formed in the hydroxyapatite matrix with the pores of the 

hydroxyapatite material nonetheless remaining substantially interconnected, continuous, and 
intercormecting with pores of the zirconia framework, 
20 In another embodiment, the slip used to coat the polymeric foam and produce the 

reticulum contains fractions of both the supportive framework material (such as zirconia) 
and the osteoconductive material (such as hydroxyapatite). The reticulated polymeric 
substrate is coated with slip and the excess is allowed to drain. Further excess slip is 
removed by passing the article through squeeze rollers or by impacting the article with 
25 compressed air. The resulting material is heated to drive off solvent, to pyrolyze the 

organic constituents, and to co-sinter the two components of the composite. In the zirconia-. 
hydroxyapatite system, the osteoconductive material is preferably included in a range of up 
to about 50 volume percent and more preferably about 10 to 25 volume percent with respect 
to the total zirconia/hydroxy apatite volume, sufficient osteoconductive material being used 
30 so as to provide an osteoconductive surface with respect to growing bone. Appropriate 
structures may use, for example, 25 volume per cent of hydroxyapatite and 75% of YSZ 
(yttria-stabilized zirconia). The reticulated article that results has struts which are 
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comprised of an intimate mixture of the two materials. The hydroxy apatite may appear as 
very small islands on the surface of the zirconia strut. In any event, in this embodiment, 
the osteoconductive material remains exposed to the openings in the article so as to provide 
an osteoconductive affect with respect to encroaching bone. 
5 When the framework component is of metal, the two-part system with 

interconnected pores can be formed in the same manner as when the framework component 
is of ceramic materials, that is, the osteoconductive material may be incorporated within the 
struts or may be coated upon the walls of the metal struts, or foamed within the interstices 
and sintered. The processes described below in connection with the other aspects of the 
10 invention may also be used to form the bone substitute materials. 

The bone substitute materials of the invention can be formed into the appropriate 
configurations for use as a bone substitute by several methods. In one preferred method, an 
yj organic material with open interstices such as a reticulated polyurethane foam is simply cut 

J- using ordinary cutting instruments such as scissors, scalpels, hot wire cutters and the like 

rt" 15 until it has the configuration desired. The thus configured foam material is used in any of 
=1^ the foregoing methods to produce the article of the invention. In another method, an 

^ organic foam such as that referred to earlier is coated with a zirconia or other ceramic slip 

r~ and is heated to drive off solvent and convert the ceramic to the "green" state, at which 

point it can be shaped into the desired configuration. In a further method, a bone substitute 

i- i 

20 of the invention which has been fully sintered can be shaped by standard machining 
methods such as sawing and grinding, water jet or laser cutting, etc. 

If the supporting framework of the article is of metal, it can be shaped through 
appropriate machining to the desired form before introducing an osteoconductive or 
osteoinductive material. It is contemplated that the pores of a metal material may be first 

25 filled with wax and the resulting structure frozen so that the wax supports the metal 

structure during machining, following which the wax is simply melted to enable the wax to 
escape. This procedure may have utility particularly when the metal framework component 
comprises a very thin walled structure with large void openings, the struts of which, 
accordingly, can be unintentionally easily bent. 

30 I The articles produced by the present invention can then be further used with other 

materialsTsuch as denser structural elements to form bone prosthesis as described in Serial 
No. 08/942,5777^ 
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This aspect of the invention may be more easily understood by reference to the 
following non-limiting examples: 

Example 1 

A zirconia slip was prepared by combining the following ingredients and mixing 
5 them thoroughly by ball milling in a polyethylene container using zirconia media: 


150 g partially stabilized zirconia powder (Zirconia Sales America) 

2.25 g dispersant (Rohm and Haas, product D-3021) 

15 g binder (Rohm and Haas product designation B-1000) 

0.375 g surfactant/ wetting agent (Air Products Surfynol™TG) 

10 0.26 g anti-foaming agent (Henkel Nopco^^ NXZ) 

36 ml deionized water. 


Pieces of reticulated polyester-polyurethane foam 10-80 pores per inch (Stephenson and 
Lawyer) were immersed in the above slip and repeatedly compressed to remove air bubbles 
15 trapped inside. The foams were removed from the slip and the excess slip was allowed to 
drain. Further excess slip was removed by passing the foams between a pair of stainless 

p steel squeeze rollers several times. The resulting pieces were allowed to dry at room 

temperature followed by drying at temperatures up to 100°C in air. When the pieces 
appeared dry, they were heated to pyrolyze and remove organics (binder, dispersant, 

M 20 surfactant, anti-foam agent, and reticulated polymer foam) and then were sintered at a 
temperature of about 1400°C for one hour. The preferred thermal cycle for the above 
involves raising the temperature of the pieces at the rate of 2^*0 per minute to 600°C, 

^0- holding the temperature at 600 °C for two hours, and then raising the temperature at the rate 

of 5°C per minute to 1400 °C, with a one hour hold at this temperature. The furnace is 
25 then cooled to room temperature at a rate of about 10 °C per minute. 

The resulting product was a strong, light weight, porous zirconia framework or 
reticulum of zirconia having a void volume of about 76 % , The framework was then coated 
with a slip containing both zirconia and hydroxy apatite. The slip was prepared by 
combining and ball milling, as described above, the following ingredients: 


30 75 g partially stabilized zirconia (Zirconia Sales America) 

12.89 g hydroxyapatite (Plasma Biotal) 

1.5 g D-3021 dispersant 

10 g B-1000 binder 

0.25 g Surfynol™ TG surfactant/ wetting agent 

35 0.24 g Nopco NXZ anti-foaming agent 

32 ml deionized water. 
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A The hydroxyapatite provided 25% by volume of the combined hydroxyapatite and zirconia, 

l^eces of the zirconia prepared as described above-were immersed in the shp and 
mechanicall^s^itated to remove air bubbles and to assure complete penetration of the slip 
into the openings\Excess slip was allowed to drain, and further slip was removed with a 
5 stream of compressed^ak. The pieces were dried and were then raised at the rate of 5°C 
per minute to a sintering t^l^erature of 1400'*C and were held at this temperature for one 
hour. The resulting product cortorises a strong ceramic framework of zirconia, the struts 
of which have a surface layer compn^d of 75 volume percent zirconia and 25 volume 
percent hydroxyapatite. The structure oHhis product is illustrated in Figure 1, and note 
10 may be made of the open nature of the suppoh^g zirconia supporting framework and the 
3-3 connectivity of the framework and the hydrox^patite. 

If desired, an additional layer or layers may be added to the above structure. For 
yj example, in one embodiment, specimens of the above structure were immersed in a slip 

^2 containing approximately 50% by volume of zirconia and hydroxyapatite, the specimens 

?7 15 being drained, dried, and sintered as above at 1400°C. 

Example 2 

Si This example describes the preparation of a zirconia-hydroxyapatite composite 

supporting framework, the struts of which bear a coating of hydroxyapatite. 

Two ceramic slips were prepared. The first, comprising zirconia containing 15 

20 volume percent hydroxyapatite and referred to as a ZHA-15 slip, was prepared by ball 

milling as in Example 1 using the following ingredients: 

273.99 g partially stabilized zirconia 
26.01 g hydroxyapatite (HiMed) 

3 g poly(ethylene oxide) binder (Acros) 

25 6 g dispersant (Darvan'^^C, R.T. Vanderbilt) 

0.75 g Surfynor^ TG surfactant/ wetting agent 

126 ml deionized water. 

The second slip, referred to as an HA slip, was prepared by ball milling using the 

30 following ingredients: 

50 g hydroxyapatite (HiMed) 

0.5 g poly (ethylene oxide) binder (Acros) 

0. 125 g Surfynof'^ TG surfactant/wetting agent 

1 g dispersant (Darvan™C, R.T. Vanderbilt) 

35 76 ml deionized water. 


1,^ 
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Specimens of the reticulated polyester-polyurethane foam referred to in Example I 
were coated as in Example 1 with the ZHA-15 slip. The coated specimens were dried to 
the "green" state and then heat treated as in Example 1 to remove organic materials and 
^^^^^^^ were sintered at 1400° C. 

/05 ''^pending upon the relative amounts of zirconia and hydroxy apatite that are used, 

La. (O 


the hydroxyapatite may appear as small "islands" on the surface of the struts; this is 
illustrated in FigURe 3. Sufficient hydroxy apatite or other osteoconductive material is 
employed so provide surface of the struts with osteoconductive properties. 

Following cooling, the specimens were coated with the HA slip, dried, heated to 
10 remove organic materials, and were sintered at 1400 °C. The struts of the resulting 
structure were comprised of a core of partially stabilized zirconia composite with 15 
volume percent hydroxyapatite and a surface layer of hydroxy apatite. 
y3 ^ According to another aspect of the invention, the present inventors have found it 

4S possible to provide a rigid reticulated article which can have one or more of: a greater 

15 degree of opeimess and connectedness than is possible with known methods; very fine 

porosities greater than those possible with known methods; and multiple layers of the same 
or different material. 

dispersion is made by combining a metal powder or a ceramic powder with a 
binder, anoSa solvent which is then contacted with a reticulated substrate to coat the 
substrate with the dispersion. The term "dispersion" is used synonymously with the term 
"slip" described above, in that both terms refer to a solvent which suspends a ceramic or 
metal powder, a binois^r and optional additives. After contacting the substrate with the 
dispersion, the substrateHs removed and may be drained to allow removal of excess 
dispersion. Additional excCTS dispersion may be removed by rollers or by a jet of 
25 compressed air as described abo^. The coated substrate is then dried to remove at least a 
portion of the solvent. Drying maySbe accomplished by ways well known in the art. 

preferred embodiment, the binder becomes solvent-insoluble and flexible upon 
drying. Pre'lferably, the binder is employed as a relatively large volume fraction of the 
dispersion. The vahime fraction can be at least 25 vol. %, more preferably at least 50 vol. 
30 % based on the entire v^me of the solid components of the dispersion following drying. 
The use of such a binder, p^^tjcularly at a relatively large volume fraction, provides an 
insoluble flexible film on the sub^K^te that can be subsequently deformed withouT 
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substantially cracking off, flaking off, or peeling off of the substrate. As used herein, 
without sh^tantially cracking off, flaking off, ..." means that upon deformation, less than 
10 wt%, preferabl^less than 5 wt%, based on the dried weight of the coating, and more 
preferably none of thefcttating is removed from the substrate. A preferred binder is a 
5 polyacrylate emulsion that pblymerizes upon drying. While curing (i.e., polymerizing) by 
drying is preferred, any other me^^s of curing such as the use of catalysts, radiation or 
gellation to initiate are also contemplabsd. Other preferred binders can include any polymer 
which become substantially insoluble in the^^rrier solvent upon drying. 

In another preferred embodiment, additional coatings may be applied between the 
10 first drying and before sintering. Specifically, after the coated substrate is dried after the 
first contacting with the dispersion, the coated substrate is then contacted with a second 
dispersion which can be the same or a different composition. After contacting with the 
j second dispersion, the excess second dispersion is then removed and the coated substrate is 

I dried as described above. This can be repeated with additional coatings of dispersions. 

^ 15 What then results is a substrate having greater than one, and preferably 2 to 6 coatings. 
I The use of multiple coatings is, in part, made possible by the use of dispersions 

having a lower viscosity than those used in the known art. Typical dispersions of the prior 
art generally have a viscosity which is on the order of 20,000 cP or higher. In contrast, the 
1'^ dispersions of the present invention, preferably have a viscosity which is 2500 cP or less. 

^3 20 This allows substrates with very fine porosities to be coated multiple times while 

minimizing the clogging of the pores. The viscosities of successive dispersions may be 
generally the same or less than one or more of the preceding dispersions. In one 
embodiment, each successive dispersion has a lower viscosity than the preceding 
dispersions. Preferably, the viscosity of the first dispersion is from 200-2500 cP, the 
25 viscosity of the dispersion of the second coating is from 100-1500 cP, the viscosity of the 
dispersion of the third coating is from 50-800, and the viscosity of the dispersion of the 
fourth coating is 200 cP or less. 

In a preferred aspect of multiple coatings, the flexible, solvent- insoluble binder 
described immediately above may also be used. The use of such a binder provides the 
30 solvent-insoluble, flexible film on the substrate that can be subsequently deformed without 
substantially cracking off, flaking off, or peeling off of the substrate as describe above. 
This is particularly useful when applying the subsequent coatings. 
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] One advantage of multiple coatings is an article in which the original and final 
coanng^re of a different composition, and there is one or more intermediate coatings 
which may be a composite of the original and final composition to form a functional 
gradient composite. A particularly useful article that results from this embodiment is one in 
5 which the core material (i.e., the first coating) is zirconia or alumina, and the surface 

material is an osteoconductive ceramic material such as a calcium phosphate material. This 
embodiment is useful for the substitution of natural bone. 

Another useful embodiment of the invention is one in which the core material is 
zirconia, alumina, or another ceramic material, and the surface material is a catalyst 
10 material, in particular a ceramic catalyst material such as cerium oxide, or any of the 
perovskite ceramic catalysts such as lanthanum strontium cobalt iron oxide. 

Another useful embodiment of the invention is one in which the reticulated material 
-jj is prepared from a thermally stable material such as alumina or muUite, and the surface is 

made catalytically active with a catalytic coating such as platinum. 
15 Fibers and/or whiskers may be added to the dispersion to provide a reinforced 

'J 

jS sintered article which has greater flexural, compressive and/or tensile strength. There is no 

2 limit as to the types of fibers or whiskers that may be used, other than the requirement that 

f2 the fibers or whiskers be able to withstand the process conditions, including the sintering 

1'^ temperature. Suitable fibers or whiskers can include glass, metal, ceramics such as silicon 

20 nitride, silicon carbide, zirconia, alumina and carbon fibers, etc. The fibers or whiskers 
are generally added to the dispersion before the substrate is contacted with the dispersion. 
The fibers or whiskers may be added to only one or more than one of the dispersions. If 
the fibers or whiskers are added to multiple dispersions, they may be the same or different. 
A particularly preferred dispersion is one which contains hydroxy apatite. The length of the 
25 fibers or whiskers is solely dictated by their ability to be incorporated at least partially into 
the interior of the substrate, which in turn depends on the pore size of the substrate. A 
generally suitable range for most fibers or whiskers is in the micron or even submicron 
range, such as 0.1 to 100 microns. 

The substrate is a reticulated substrate which can include the reticulated open cell 
30 materials described above. The reticulated substrate has open interconnected porosity (i.e., 
openings), preferably substantially fully open interconnected porosity, and more preferably 
fully open interconnected porosity. "Open interconnected porosity" is defined as the void 
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portion being substantially continuous and self interconnected, preferably completely 


continuous and self- interconnected, preferably in three dimensions, and the material 
bounding the void portion is likewise substantially continuous and self interconnected, 
preferably, completely continuous and self interconnected, preferably in three dimensions. 
5 These two three-dimensionally interconnected parts are intercolated with one another and 
preferably have the "3-3 connectivity" as described above for the supporting framework. 
The pores of the substrate are open in that they are not plugged such that the dispersion 
A . may substantially pass entirely through the substrate and coat the available surfaces. 

As noted above, one advantage of the present invention is that smaller porosity 
lO^-^ubstrates may be used and the resulting reticulated article will still have the open 

interconnected porosity. The substrates may have at least 20, 50, 80, or 100 pores per inch 
or even greater, dq>^ding on the particular application. Suitable substrates can include 
polymeric foams, such as the polyester, polyurethane, poly ether, and polyester- 
polyurethane foams describ^^above and even natural sponges. Preferably, the substrate is 
15 "compliant" which is defined a^eforming upon the application of an external force. The 
=p deformed substrate returns to at lea^a portion of, and preferably substantially all of its pre- 

.| deformation shape after the external forte is removed. The substrate is preferably also 

wettable. Wettable in this instance is defined as being wettable with by the solvent alone, 
or being rendered wettable by the use of knownVetting agents. 
20 The solvent can be any liquid capable of acting as a carrier for the inorganic 

''^ powders and binder and can include water or organic solvents. In a preferred embodiment, 

water is employed as the solvent. Suitable organic solvents can include ethanol, methanol, 
toluene, methyl ethyl ketone, acetone, isopropyl alcohol, and xylene. The ceramic and 
metal powders may be the same as those described above and include the osteoconductive, 
25 osteoinductive and catalytic materials described above. 

The dried, coated substrate is then pyrolyzed at a sufficient time and temperature to 
remove any organic components. The pyrolysis is generally conducted at temperatures 
described above. After pyrolysis, the remaining article is then heated at a time and 
temperature to sinter the article. The sintering is generally conducted at the temperatures 
30 described above. The configuration of the sintered article depends on its end use. For 
example, if the article is to be used as a bone substitute material, it will have the 
configuration of the bone or bone fragment it is replacing or another clinically relevantl 
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configuration. If the sintered article is to be used as a catalyst, it will have the appropriate 
catalytic configuration. The article may be configured at any stage, i.e., at the reticulated 
substrate stage, the "green" article stage (i.e., after drying), or the sintered article stage as 
described above with respect to the other aspects of the invention. The sintered article will 
5 preferably also have the substantially open, interconnected porosity or openings as 

described above for the substrates and can have a porosity identical to that of the substrate 
(i.e., at least 20, 50, 80, or 100 pores per inch). 

After sintering, the rigid article may be subjected to further treatment depending on 
the end use. For example, if the article is to be used as a bone substitute material, the rigid 
10 article may be treated with osteoconductive materials such as collagen, and/or 

osteoinductive materials such as BMP, as described above, which cannot be subjected to 
sintering temperatures. These materials may be applied to the rigid article by methods 
known to those skilled in the art, such as by immersion, as also described above. The rigid 
article may also be further treated in a maimer as described in copending application U.S. 
15 Serial No. 08/944,006/^ ^ 

This aspect of the invention may be more easily understood by reference to the 
following non-limiting examples: 

Example 3 

A reticulated alumina foam with substantially open and interconnected porosity was 
20 prepared. 

An alumina dispersion was prepared which contained the following: 

10568 g AI2O3 

1680 ml deionizedH20 

3235 g B-1000 

25 194 g D-3021 

25 g Surfynol 420 

50 g Nopco NXZ, 

This dispersion was dispersed and mixed by ball milling in a polyethylene container 
30 with zirconia media. The viscosity of this dispersion was adjusted with deionized water. 
Pieces of reticulated polyester-polyurethane foam with 30-100 pores per inch (SIF - 
Stephenson and Lawyer) were cut. These foam pieces were immersed in the dispersion and 
compressed multiple times to remove air bubbles trapped inside. The foams were removed 
from the dispersion passed through rollers, and then the surface menisci were broken with a 
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stream of compressed air. The "foams" were then allowed to dry at room temperature 
followed by drying at temperatures up to 100° C in air. These coated foams were then 
subjected to a second coating process using the same dispersion adjusted to a lower 
viscosity in an identical manner to result in a "green" foam with a double coating of 
5 alumina dispersion. The double coated alumina foams were then coated again with a lower 
viscosity dispersion in a like manner. Following drying, these foams were coated a fourth 
time with a still lower viscosity dispersion and dried. Following complete drying, the 
foams were heated at 1 degree per minute to 600 degrees C with a one hour soak to burn 
out the organic constituents. The foams were then further heated to 1550 degrees C for one 
10 hour to sinter them and cooled at a rate of three degrees C per minute to room temperature. 
The resulting alumina ceramic foams have substantially fully open and interconnecting 
porosity. 

£3 

iji ''^-^<-^ Example 4 

Articulated structure with struts having a core of partially stabilized zirconia, an 
mtermediate 1^^ of zirconia 25 volume % hydroxyapatite composite (ZHA-25), and a 


surface layer of hydha^cyapatite calcium phosphate ceramic was prepared. First, ceramic 
dispersions were prepareab^zirconia, ZHA-25, and hydroxyapatite were prepared as 
'2 follows. 

□ 20 A zirconia dispersion was prepared which included: 

1000 g partially stabilized zirconia powder (Zirconia Sales America) 

15.31 g D-3021 dispersant (Rohm and Haas - Duramax) 

201.44 g B-1000 binder (Rohm and Haas - Duramax) 

5.01 g Surfynol 420 surfactant/wetting agent (Air Products) 

25 20.01 g Nopco NXZ anti-foaming agent (Henkel) 

210 ml deionized water. 

A ZHA-25 dispersion was prepared which included: 

229.1 g partially stabilized zirconia (Zirconia Sales America) 

30 39.58 g Hydroxy lapatite (Plasma Biotal) 

4.3 g D-3021 dispersant (Rohm and Haas) 

61.45 g B-1000 binder (Rohm and Haas) 

1.26 g Surfynol 420 surfactant/ wetting agent (Air Products) 

7.5 g Nopco NXZ anti-foaming agent (Henkel) 

35 75 ml deionized water. 
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A hydroxy apatite dispersion was prepared which included: 

345.5 g Hydroxy lapatite (Plasma Biotal) 
12.5 g D-3021 dispersant (Rohm and Haas) 

139.6 g B-1000 binder (Rohm and Haas) 

5 2.03 g Surfynol 420 surfactant/ wetting agent (Air Products) 

10.02 g Nopco NXZ anti-foaming agent (Henkel) 

73 . 5 ml deionized water . 

These dispersions were dispersed and mixed by ball milling in a polyethylene 
10 containers with zirconia media. The zirconia dispersion was split into two equal volumes, 
and the viscosities of these two dispersions were adjusted to 700 and 365 cP respectively 
with deionized water. The viscosity of the ZHA-25 dispersion was adjusted to 160 cP, and 
the hydroxyapatite dispersion was adjusted to 85 cP with deionized water. Pieces of 
reticulated polyester-polyurethane foam with 30-80 pores per inch (SIF - Stephenson and 

O 

y3 15 Lawyer) were cut. These foam pieces were immersed in the 700 cP zirconia dispersion and 
compressed multiple times to remove air bubbles trapped inside. The foams were removed 
from the dispersion, passed through a pair of stainless steel rollers twice, and then the 
surface menisci were broken with a stream of compressed air. The "foams" were then 
allowed to dry at room temperature followed by drying at temperatures up to 100° C in air. 
20 These coated foams were then subjected to a second coating process using the 365 cP 

zirconia dispersion in an identical maimer to result in a "green" foam with a double coating 
of zirconia dispersion. 

The double coated zirconia foams were then coated with the ZHA-25 dispersion in a 
like manner. Following drying, these foams were coated with the hydroxyapatite 
25 dispersion and dried. Following complete drying, the foams were heated at 1 degree per 
minute to 600 degrees C with a one hour soak to burn out the organic constituents. The 
foams were then further heated to 1400 degrees C for one hour to sinter them and cooled at 
a rate of three degrees C per minute to room temperature. The resulting foams have 
substantially fully open and interconnecting porosity. The struts which comprise the 
30 structure of these foams have a zirconia core and a hydroxyapatite surface. Between the 
core and surface is an intervening layer of zirconia-hydroxyapatite composite with 25 
volume percent hydroxyapatite. 
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^J^^^^J^ Example 5. 

^^^^ V If^^ reticulated structure was prepared where the struts had a core of partially 
^,^--^abilized IfeQonia an intermediate layer of zirconia 40 volume % - hydroxy apatite 
5 composite, and aSi^rface layer of hydroxyapatite calcium phosphate ceramic. First, 

ceramic dispersions we^e^m-epared of zirconia, zirconia-hydroxyapatite composite with 40 
volume percent HA (ZHA-40)>s^d hydroxyapatite were prepared as follows. 
A zirconia dispersion was prepared which included: 

1000 g partially stabilized zirconia powder (Zirconia Sales America) 

10 15.31 g D-3021 dispersant (Rohm and Haas - Duramax) 

201 .44 g B-1000 binder (Rohm and Haas - Duramax) 

5.01 g Surfynol 420 surfactant/ wetting agent (Air Products) 

20.01 g Nopco NXZ anti-foaming agent (Henkel) 

1 210 ml deionized water, 

i 15 

I A ZHA-40 dispersion was prepared which included: 



184.11 g 

partially stabilized zirconia (Zirconia Sales America) 


63.62 g 

Hydroxylapatite (Plasma Biotal) 


5.20 g 

D-3021 dispersant (Rohm and Haas) 

r 20 

61.80 g 

B-1000 binder (Rohm and Haas) 


1.26 g 

Surfynol 420 surfactant/wetting agent (Air Products) 


7.5 g 

Nopco NXZ anti-foaming agent (Henkel) 

P~ 

i.n 

80 ml 

deionized water. 

y3 

25 

A 

hydroxyapatite dispersion was prepared which included: 


345.5 g 

Hydroxylapatite (Plasma Biotal) 


12.5 g 

D-3021 dispersant (Rohm and Haas) 


139.6 g 

B-1000 binder (Rohm and Haas) 


2.03 g 

Surfynol 420 surfactant/wetting agent (Air Products) 

30 

10.02 g 

Nopco NXZ anti-foaming agent (Henkel) 


73.5 ml 

deionized water. 


These dispersions were dispersed and mixed by ball milling in a polyethylene 
container with zirconia media. The zirconia dispersion was split into two equal volumes, 
35 and the viscosities of these two dispersions were adjusted to 700 and 365 cP respectively 
with deionized water. The viscosity of the ZHA-40 dispersion was adjusted to 160 cP, and 
the hydroxyapatite dispersion was adjusted to 85 cP with deionized water. Pieces of 
reticulated polyester-polyurethane foam with 30-80 pores per inch (SIF - Stephenson and 
Lawyer) were cut. These foam pieces were immersed in the 700 cP zirconia dispersion and^ 
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I^^mpressed multiple times to remove air bubbles trapped inside. The foams were removed 
from the dispersion, passed through a pair of stainless steel rollers twice, and then the 
surface menisci were broken with a stream of compressed air. The "foams" were then 
allowed to dry at room temperature followed by drying at temperatures up to 100'^ C in air. 
5 These coated foams were then subjected to a second coating process using the 365 

cP zirconia dispersion in an identical manner to result in a "green" foam with a double 
coating of zirconia dispersion. The double coated zirconia foams were then coated with the 
ZHA-40 dispersion in a like manner. 

Following drying, these foams were coated with the hydroxy apatite dispersion and 
10 dried. Following complete drying, the foams were heated at 1 degree per minute to 600 
degrees C with a one hour soak to burn out the organic constituents. The foams were then 
further heated to 1400 degrees C for one hour to sinter them and cooled at a rate of three 

I, J 

degrees C per minute to room temperature. The resulting foams have substantially fully 
J« open and interconnecting porosity. The struts which comprise the structure of these foams 

J'f 15 have a zirconia core and a hydroxy apatite surface. Between the core and surface is an 
4- intervening layer of zirconia-hydroxyapatite composite with 40 volume percent 

^ hydroxy apatite. 

Example 6 

20 A stainless steel reticulated foam was prepared. 

First, a dispersion was prepared which included: 

715 g 316 Stainless steel powder (Anval) 

7.5 g D-3021 dispersant (Rohm and Haas) 

100.5 g B-1000 binder (Rohm and Haas) 

25 2.5 g Surfynol 420 surfactant/ wetting agent (Air Products) 

10 g Nopco NXZ anti-foaming agent (Henkel) 

105 ml deionized water. 

This dispersion was dispersed and mixed by ball milling in a polyethylene container 
30 with zirconia media. Pieces of reticulated polyester-polyurethane foam with 60 pores per 
inch (SIF - Stephenson and Lawyer) were cut. These foam pieces were immersed in the 
dispersion and compressed multiple times to remove air bubbles trapped inside. The foams 
were removed from the slip, passed through rollers, and then the surface menisci were\ 
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/broken with a stream of compressed air. The "foams" were then allowed to dry at room 
temperature followed by drying at temperatures up to 100° C in air. 

Following complete drying, the foams were heated at 1 degree per minute to 600 
degrees C with a one hour soak to burn out the organic constituents. The foams were then 
5 further heated to 1200 degrees C for one hour in a hydrogen atmosphere to sinter them and 
cooled at a rate of three degrees C per minute to room temperature. The resulting stainless 
steel foams have substantially fully open and interconnecting poros ity^ J 

While a number of preferred embodiments of the present invention have been 
described, it should be understood that various changes, adaptations and modifications may 
10 be made therein without departing from the spirit of the invention and the scope of the 
appended claims. 
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